A photoelectrochemical (PEC) device capable of splitting water into storable hydrogen fuel by the direct use of solar energy is becoming a very attractive technology since it is clean and sustainable. Indeed, real field experiments are being developed in order to assess technological issues for large-scale usage under outdoor conditions. Following the need for developing photoelectrochemical devices with an optimized design that allows reaching a commercial performance level, the present works describes an innovative PEC cell for testing different photoelectrodes configurations, suitable for continuous operation and for easily collect the evolved gases. Moreover, a porous Teflon ® diaphragm useable for a wide range of aqueous electrolyte solutions is tested. Two semiconductors were investigated: tungsten trioxide and undoped hematite. The WO3 photoelectrodes were deposited in two different substrates: i) anodized WO3 photoelectrodes on a metal substrate and ii) WO3 deposited by blade spreading method on a TCO glass substrate.
Introduction
Finding alternatives to supply the world energy needs by developing clean and safe processes for energy production without CO2 emissions is currently a key issue.
According to different sources, the energy demand will almost double until 2050, from 13 TW to 23 TW. With approximately 120 PW of solar energy continuously irradiating the surface earth, the sun seems to be an outstanding source of energy to overcome the current and future energy demand.
[1] Currently, only 1 % of the total consumed energy comes from the sun, mainly through the use of photovoltaic (PV) technology.
[2] The electrical photovoltaic power, however, is not dispatchable and, thus, a complementary approach is needed to transform the solar radiation into a storable energy form for later use. [3] One of the most interesting technologies is the photoelectrochemical (PEC) cells that combine in a single device the harvesting of solar energy with an electrolysis system, converting water into hydrogen and oxygen by light-induced electrochemical processes. [4] Presently, the main concerns about PEC cells lie not only on the energetic properties and stability issues, but also on the efficiency improvement of the photoactive materials in order to attain at least 10 % of energy conversion efficiency; this is the minimum efficiency level required to make the PEC solution commercially interesting/viable. [5] There are numerous hydrogen-production approaches that use solar energy for PEC water splitting: i) combined PV-electrolysis system; ii) photoelectrode-based systems; iii)
photocatalysts based slurry systems. The first work reporting successful water splitting by bandgap excitation of TiO2 in a PEC cell configuration using a Pt wire as counterelectrode dates back to the earlier 1970s, by Fujishima and Honda. [6] Afterwards, a monolithic photoelectrochemical/photovoltaic cell (PEC/PV cell) placed in series using heterojunctions of expensive and instable III-V materials, such as GaInP2 and n-p-GaAs, demonstrated 12.4 % efficiency of light conversion into hydrogen. [7] More recently, a single photoelectrochemical device with Pt-doped hematite photoanode modified with Co-Pi catalyst produced a record-performance of 4.32 mA·cm -2 at 1.23 VRHE under simulated 1 sun (100 mW·cm -2 ). [8] A different approach for splitting water into hydrogen and oxygen consists of using aqueous suspensions of self-supported photocatalysts composed by semiconductor powders or colloidal (often a large band gap metal oxide) and a noble metal such Pt. [9] Even if these systems present the great advantage of enabling photolysis in a homogeneous phase without the need of both expensive transparent electrodes and directional illumination, they have a huge problem: the separation of the explosive mixture of hydrogen and oxygen is not easy, bringing safety concerns about these devices. [9] All the above mentioned options have the particularity of combining the harvesting of solar energy and the electrolysis of water into a single conversion unit called PEC cell.
Although the PEC cell approach is simple and elegant in concept, in practice it is very challenging since it relies on complex interactions involving sunlight, semiconductors and liquid solutions. [10, 11] In fact, PEC cell researchers claim that these systems are the Holy Grail of hydrogen production since it offers a unique combination of an efficient and low-cost approach for producing high purity hydrogen from water by harvesting solar energy. [10] Nowadays, powerful synergies are being created between researchers from different fields to pursue the PEC quest. [12] Among the different examples presented above, the most studied topic is the photoelectrode-based systems, where the water splitting phenomenon produces oxygen and hydrogen at a physically separated anode and cathode, respectively. [9] Here, either or both electrodes can be photoactive and the evolved gases can be collected and stored separately. Currently, the major challenge in developing efficient PEC cells for water splitting relies on finding inexpensive materials that fulfill as much as possible the requirements of an ideal photoelectrode: i) it has to have strong light absorption in the visible spectrum, ii) high chemical stability in aqueous electrolyte solutions under dark and illuminated conditions, iii) suitable band edges positions for hydrogen and oxygen evolutions, iv) low kinetic overpotentials; and finally v) the charge transfer at the semiconductor/electrolyte interface must be selective for water splitting (Figure 1 ). [13, 14] Oxide semiconductors (both n-and p-type) have been shown to be promisingly stable photoelectrodes for electrolysis of water. The most frequently studied photoelectrode materials are TiO2, WO3, Fe2O3, BiVO4 SnO2 and Cu2O and their modifications. [10, 11, [15] [16] [17] Recently, nanostructured photoelectrodes showed radically improved properties.
In fact, due to the small size of the nanocrystalline structures, the photogenerated carriers are always created near the surface, where water conversion takes place. [9, 18, 19] Nanostructured electrode materials can be used to address some of the intrinsic limitations of the materials: visible light absorption, efficient charge carrier separation and transport, interfacial charge-transfer kinetics, appropriate positions of the conduction and valence band energy levels with respect to the required reaction potentials, and good stability in contact with electrolytes under dark and light illumination conditions. [10] A photoelectrode-based system comprises two electrodes, an anode and a cathode, both immersed in an aqueous electrolyte solution; at least one of the electrodes must be photoactivated under illumination. When a semiconductor with the ideal set of properties is immersed in an electrolyte solution and illuminated, the correspondent photon energy is used for splitting water into hydrogen and oxygen. [20] [5] , H-type PEC cells [6, 21] , sandwich assembly, among other more complex cells, such as the ones that allows tandem configurations (PV + PEC system in a single embodiment) [15, 22] - Figure 2 . Among the typical PEC cells, more complex ones were also developed, such as the "Cappuccino" PEC cell [23] designed by the LPI group at EPFL (Switzerland) and the cell designed and built by the MECS group at TU Delft [10] . Still, to make this technology marketable, it is not only necessary to find new photoelectrode materials, but also to develop photoelectrochemical devices with an optimized design that allows reaching a commercial performance level. For this, a special attention was given to study the effect of the position of the electrodes towards each other and towards the light source. Two PEC cells' configurations were disclosed, always with the main concern of positioning the electrodes for maximizing the solar light harvesting: i) transparent n-and p-type electrodes, facing each other (the bandgaps of the photoelectrodes are such that the light not absorbed in the first photoelectrode can be absorbed in the second one -in series arrangement) [24] ; and ii) n-and p-type photoelectrodes placed one beside the other such as both photoelectrodes face the same The arrangement of the PEC cell and its design largely depends on the photoelectrodes configuration, e.g.: single photo-system - Figure 3 , or dual photo-system devices - Figure   4 . After assembling the metallic and the black acrylic parts to the transparent acrylic cell body, the cell is prepared to be filled with the appropriate electrolyte solution, where both electrodes will be immersed. This PEC cell permits back and front illumination and allows to place a membrane between the electrodes to prevent gas mixture (hydrogen and oxygen) - Figure 5 a5 ). This separator can be a commercial Nafion® membrane that allows just protons to permeate in an acid media or a stretched porous hydrophobic Teflon® membrane (diaphragm), which exhibits a high porosity of micrometer size pores that prevent hydrogen and oxygen bubbles to permeate. The cell is sealed with two transparent acrylic caps screwed on the top of the cell - Figure 5 a1 and a3). Between these two caps is placed a membrane that prevents liquid passage to the gas-collecting chamber - Figure 5 a2 ). This membrane, made of Teflon ® , allows the gases to easily permeate but prevents aqueous electrolytes to cross due to its high hydrophobicity. The sealed cell allows the electrolyte to be continuously fed to both chambers without fearing leakage. The optically transparent windows are very important to allow PEC cells to work properly; for instance, a normal soda lime glass cuts off the transmittance for wavelengths lower than 350 nm, while a quartz window have normally a transmittance higher than 90
% from 250 nm. [20] Nevertheless, cheaper materials can be used with similar performances, such as: fused silica (amorphous silica) -visible light transmittance higher than 90 % and excellent stability in both acid and alkaline aqueous solutions; or Pyrexwhich has similar transmittance and high stability towards acid solutions. [10, 21] Additionally, windows of polycarbonate and acrylic can also be used, showing visible light transmittances of 89 % and 92 %, respectively. Nevertheless, these materials easily scratch during handling and so they should be changed more often.
To simulate a real PEC cell application, a 2-electrode configuration is preferable;
however, to measure the PEC cell efficiency in a laboratory setup normally a 3-electrode configuration is used, being the third electrode the reference one. Thus, to determine the photoelectrode performance in a 3-electrode configuration in the above presented cell the second acrylic cap, as well as the Teflon® membrane on top of the cell, have to be removed. The reference electrode is then immersed and connected to the potentiostat.
It is well known that there are only few photoelectrodes schemes allowing the water splitting reaction without bias; as so, these devices usually integrate more complex configurations and so the versatility of the PEC reactor is again crucial. In fact, the disclosed PEC cell fulfills these special demands by including the following properties:
i) ability to receive light from both sides, since it has two transparent windows; ii) allows using a membrane to separate the evolved gases (H2 and O2); iii) does not require a complex and expensive feeding system; iv) the stacked bubbles in the photoelectrodes are easily removed by the electrolyte movement within the PEC cell originated by the feeding system; v) the electrolyte temperature can be easily controlled; vi) the gases are easily collected without liquid contaminations and/or gases recombination. Moreover, when an opaque Teflon ® diaphragm is used to prevent gases mixture, a mirror can be then used to redirect the light to directly strike the back photoelectrode - Figure 6 . 
Materials and methods

WO3 photoelectrode on metal substrate
The WO3 photoelectrode on metal substrate was prepared by the anodization method at Institute ENI Donegani (Novara, Italy), as described elsewhere. [27] The tungsten foil, prior to anodization, was carefully cleaned with acetone and ethanol and sonicated in an Alconox/water solution to remove surface contaminants and oily or greasy impurities.
Then, the WO3 photoanodes were prepared by applying a potential difference of 40 V (Aim-TTi EX752M DC power supply) across the two tungsten foils, which were kept at a distance of about 3 mm. To avoid electrode corrosion, care was taken to reach the final 40 V in about 1 min. This way, a passivating compact oxide was formed during the initial stages of anodization. The total duration of anodization was 5 h in a thermostatic bath at 40 ºC. [27] 
WO3 photoelectrode on TCO glass substrate
The WO3 photoelectrode on TCO glass substrate was prepared by the blade-spreading method at Institute ENI-Donegani (Novara/Italy). [28] The procedure named Synt-1 was employed to fabricate these photoelectrodes, as described elsewhere [28] . Briefly, tungstic acid was obtained by passing 5 mL of an aqueous Na2WO4 solution (10 % w/w, CarloErba) through a proton exchange resin (Amberlite IR120H) and the eluted solution was collected in 5 mL of ethanol to slow down the tungstic acid condensation. To the resulting colloidal dispersion, 0. 
J-V Measurements
The photocurrent-voltage (J-V) characteristic curves were obtained applying an external potential bias to the cell and measuring the generated photocurrent using an Autolab/PGSTAT302N workstation controlled by Nova software package (Nova version 1.10). The electrochemical measurements were performed in both 2-and 3-electrode configurations. In a 2-electrode configuration, the working electrode and the counterelectrode are each connected to the workstation. Meanwhile, if a 3-electrode measurement is considered, an Ag/AgCl sat. KCl is additionally used as reference electrode. For both cases, the potential is reported against the reversible hydrogen electrode (RHE). The measurements were performed in the dark and under simulated sunlight, AM 1.5 G (1000 W Xe lamp, 1000 W m -2 , 25 ºC) calibrated with a c-Si photodiode, at a scan rate of 10 mV s -1 . The J-V characterization parameters are presented in detail in Table 1 .
EIS Measurements
EIS measurements were performed using an Autolab/PGSTAT302N workstation.
The frequency range was 0.01 Hz -100 kHz and the magnitude of the modulation signal was 10 mV. The EIS measurements were performed according to 
Results and discussion
The present work aims at studying the new PEC cell arrangement for producing hydrogen from water, powered by solar energy. As mentioned, this new cell has an innovative feeding system, which allows continuous work without disruptions for electrolyte replacement. On the other hand, a diaphragm separates the anode from the cathode chambers, preventing the mixture of evolved hydrogen and oxygen bubbles. Two semiconductor materials were investigated with this innovative PEC cell design: tungsten trioxide (WO3) and undoped hematite (Fe2O3 of using it on top of the PEC cell to separate the evolving gases from the electrolyte - Figure 5a2 ). Indeed, Teflon ® is a hydrophobic material that prevents the electrolyte to permeate, while its porosity allows the evolving gases to easily cross. [30] 3.1.
WO3 photoelectrodes
The WO3 samples were tested both in a 3-electrode configuration, i.e. with an Ag/AgCl sat. KCl as reference electrode, and in a 2-electrode configuration. The 3-electrode configuration was used to obtain the characteristic curves of the photoelectrodes and the 2-electrode configuration was used to study the characteristic curves of the complete device.
[31] The 2-electrode configuration allows studying the overall charge transfer phenomena occurring at the semiconductor, within the electrolyte and at the counter-electrode side of the cell, whereas the 3-electrode configuration enables the detailed study of the electrochemical behavior of the photoelectrode/electrolyte interface since the potential is measured with respect to a fixed reference potential. [31] The J-V curves obtained for the two WO3 samples in the dark and under 1 sun illumination conditions are plotted in Figure 7 . It can be observed that the anodized metal sample has a significantly higher photocurrent density than the sample deposited onto a TCO glass substrate; at 1.45 VRHE the metallic sample (coded hereafter as WO3-Metal) produces 0.9 mA·cm -2 and the glass sample (coded hereafter as WO3-Glass) produces 0.15 mA·cm -2 ; actually, this behavior is in line with the efficiency values reported in literature. [27, 28] The differences observed in the photocurrents are not only due to the preparation method but also due to the higher charge transport resistance through the transparent conductive oxide (TCO) layer in the glass substrate. The EIS spectra will allow to discriminate the series resistances in glass and metal substrates, which are directly related to the charge transport resistance on them -cf. The use of a diaphragm has never been reported for PEC cell applications. Thus, the use of a porous Teflon ® diaphragm will be compared in two distinctive cases: i) no membrane; and ii) Nafion ® 212 membrane, highly proton conductive. Tungsten photoelectrodes deposited both on glass and metal substrates were used. Electrochemical impedance spectroscopy technique is a unique tool that can give important information about the phenomena occurring inside the PEC cell. In particular, it allows to identify groups of resistors and capacitors that describe the behavior of the electrochemical reaction kinetics, ohmic conduction processes and even mass transport limitations. The Nyquist spectra in 2-electrode configuration is plotted in Figure 9 at three different applied potentials; 1.00 VRHE, 1.25 VRHE and 1.45 VRHE. At an applied potential of 1.00 VRHE, the overall PEC cell resistances shows similar values for the three studied cases. Still, the device with Teflon ® diaphragm displays a higher series resistance (Rs), of about 5 Ω, than the other two cases, which show almost 0 Ω. Rs in this type of systems comprises the substrate charge transport resistance, the resistance related to the ion conductivity in the electrolyte and the external contacts resistances (e.g. wire connections). The membrane resistance contribution is considered an ohmic resistance and thus it is also included in Rs value. Even if the Teflon ® diaphragm presents higher series resistance for the three studied potentials, for the highest applied potential the overall resistance is lower and thus the final produced photocurrent is higher. As mentioned, this enhancement for applied potentials higher than 1.6 VRHE is related to air release from the Teflon porous material, increasing the active pores for mass transport.
WO3 photoelectrode on metal substrate
Additionally, from the right side of Figure 9 it is visible that the Teflon ® series resistance monotonously decreases with the applied potential, indicating that the ohmic resistance of the Teflon ® diaphragm also decreases. . Therefore, STH can be described through the following expression: [21]           (1) and (2) it is possible to plot the hydrogen production rate and the correspondent STH efficiency - Figure 10 . Since it was assumed 100 % Faradaic efficiency, in Figure 10 , the photocurrent and hydrogen evolution curves have the same shape, achieving a plateau of about 0.27 mmolH2·s -1 for applied potentials higher than 1.5 VRHE. Additionally, the solar-tohydrogen PEC cell efficiency showed the same behavior, reaching a maximum efficiency plateau around 1.37 % for the case of using a Teflon ® diaphragm and 1.28 % when no membrane is used (bias of 2.5 VRHE). With the Nafion ® membrane the hydrogen evolution rate and the solar-to-hydrogen efficiency are similar to the ones obtained without membrane - Figure 10 .
It is important to mention that when WO3 metallic samples are used, it is possible to apply either a Nafion ® or a Teflon ® membrane to separate the electrodes within the PEC cell. However, if we want to tilt the cell in a tracking system to harvest the maximum solar radiation at each moment, a mebrane must be placed on top of the cell ( Figure 5 a2) and here only the Teflon ® diaphragm can be in fact used since one of the sides is free of electrolyte solution. Nafion ® membranes cannot be used because both sides of the membrane must be immersed in the electrolyte solution so that it works properly.
Moreover, in what concerns long-term stability studies, the developed continuous electrolyte feeding system plays a crucial role, as explained elsewhere.
[32]
WO3 sample applied onto a glass substrate
Contrary to what happened with WO3 samples deposited on metal substrates, the J-V characteristic curve obtained for the device equipped with WO3 on TCO glass substrate (coded WO3-Glass) and using Teflon ® diaphragm exhibits higher photocurrent density, ca. 47 % higher, in all applied potentials range - Figure 11 . Since WO3-Glass photoelectrode is transparent, the semiconductor absorbs a fraction of the incident light, being the rest reflected and transmitted. A fraction of the transmitted light is then reflected back by the white Teflon ® diaphragm to the photoelectrode, leading to a higher photocurrent. This may explain the photocurrent density enhancement; indeed at 500 nm the transmittance of the sample is 44 % and the reflectance of the Teflon ® diaphragm is 80 %. Additionally, since the photoelectrode material was deposited on a TCO layer, the common dark current onset is observed for applied potentials higher that 1.8 VRHE. [33] Similarly to the WO3 sample on metal substrate, the produced hydrogen rate was determined using Equation (2) and the corresponding solar-to-hydrogen efficiency was calculated using Equation (1). The obtained results are plotted in Figure 13 and they agree with the photocurrent trends observed in Figure 11 ; when Teflon ® diaphragm is used, both the produced rate of hydrogen and the solar-to-hydrogen efficiency are higher than for the cases of no membrane or Nafion ® membrane. Concerning the device with Teflon ® diaphragm, a rate of 0.029 mmolH2·s -1 is produced at an applied of 1.45 VRHE, corresponding to a solar-to-hydrogen efficiency of 0.14 %. On the other hand, for the device with no membrane, the hydrogen evolution rate is 0.019 mmol·s -1 , corresponding to a solar-to-hydrogen efficiency of 0.10 %; similar values of both hydrogen evolution rate and STH are obtained when a Nafion ® membrane is placed between both electrodes - Figure 13 . 
Undoped-Fe2O3 photoelectrode on a glass substrate
Photoelectrodes of hematite work preferentially in strong alkaline media, normally 1 M of NaOH or KOH (pH 13.6), and thus protonic exchange membranes like Nafion ® cannot be used. On the other hand, Teflon ® diaphragm is chemically stable at acid and basic pH media and therefore more versatile than Nafion ® membranes. A PEC device composed by an undoped-Fe2O3 photoelectrode with a Teflon® diaphragm was studied.
The performance of this undoped-Fe2O3 photoanode was assessed using 2-and 3-electrode configurations, under dark and 1 sun illumination conditions. Then, the corresponding impedance spectra were obtained for applied potentials ranging from 1.00 to 1.80 VRHE. The hydrogen flow rate of the hematite photoelectrodes was again computed using Equation (2) and the corresponding solar-to-hydrogen efficiency was obtained using Equation (1) - Figure 15 . Similarly, to what happened with the previous sample (WO3-glass), the undoped-Fe2O3 sample tested with Teflon ® diaphragm showed higher hydrogen evolution rates than if no membrane is used: 0.10 mmolH2·s -1 and 0.12 mmolH2·s -1 with no membrane and with Teflon ® diaphragm, respectively, at an applied bias voltage of 1.45 VRHE. Consequently, the STH efficiency is also higher when the diaphragm is used, 0.60 % vs. 0.50 %. Fe2O3-Glass -Sample of Fe2O3 on TCO glass substrate.
In a 2-electrode configuration EIS measurement, the system response allows studying the overall charge transfer phenomena occurring at: i) the semiconductor, ii) within the electrolyte and iii) at the counter-electrode of the cell. To identify the frequency response of the individual elements that compose the PEC cell, a previous study was carried out in a cell comprising a platinum mesh as counter-electrode and a similar platinum mesh as working electrode, both immersed in a 1 M KOH, with and without Teflon ® diaphragm - Figure 17 . This is the well-known dummy cells characterization. Analyzing the Pt-Pt EIS measurements, a difference of 16 Ω is observed in the series resistances values when a membrane is placed or not between both electrodes - Figure 17b) . Thus, the membrane resistance contribution appears on the series resistance confirmed by the Pt-Pt EIS experiment. To confirm the frequency range when the counter-electrode responds, the EIS data response of a PEC cell comprising a photoanode of undoped-Fe2O3 as working electrode and a Pt mesh as counter electrode was compared to EIS response of a dummy cell. As shown in Figure 17a ) the first semicircles in both situations correspond to the high frequencies range; the low frequency semicircle was correlated to the semiconductor/electrolyte diffusion processes. 
Conclusions
An innovative PEC cell was presented and tested using three different higher charge resistance, it also allowed that the fraction of the light lost through the transparent photoelectrode is then reflected back, leading to a higher photocurrent.
However, it should be emphasized that a thinner and pre-treated Teflon ® diaphragm for removing the air trapped in the pores should result in a negligible extra charge transport resistance. The use of the Teflon ® diaphragm on the top of the cell is another important feature of this newly disclosed PEC device. Its usage on top of the cell allows tilting the cell with no leakage in a tracking system for harvesting the maximum solar radiation at each moment; this is actually a crucial feature for outdoor applications.
